Purpose: To evaluate the safety and effectiveness of the TIGRIS stent for lesions up to 24 cm in the superficial femoral and proximal popliteal arteries (SFA/PPA). Methods: This prospective, multicenter, randomized study enrolled 274 subjects at 36 sites in the United States and Europe. Subjects were randomly assigned in a 3:1 ratio to treatment with the TIGRIS stent (n=197; mean age 66.7±9.28 years; 141 men) or LifeStent (n=70; mean age 67.9±8.87 years; 49 men). The primary safety endpoint was 30-day freedom from major adverse events (MAE). The primary efficacy endpoint was primary patency at 12 months. Secondary endpoints included target lesion revascularization (TLR) and stent fracture. Clinical success and quality of life were also assessed. Results: Mean lesion length (107.6 vs 117.9 mm, p=0.29), procedure success (99.5% vs 97.1%, p=0.17), and freedom from MAE (99.5% vs 100%, p>0.99) were similar for the TIGRIS and control groups, respectively. Likewise, there was no difference in primary patency at 12 months (60.6% vs 63.2%, p=0.73) or 24 months (56.3% vs 50.2%, p=0.60) or in TLR at the same time points (76.6% vs 80.6%, p=0.49; 70.5% vs 67.2%, p=0.85). There were no differences in the changes in Rutherford category or the ankle/brachial index through 24 months. The rate of stent fracture was lower for TIGRIS compared with LifeStent (0% vs 32.7%, p<0.001). Conclusion: The TIGRIS stent and LifeStent were similarly effective for the treatment of lesions in the SFA and PPA. The high flexibility and zero fracture rate associated with the TIGRIS stent make this device favorable for use in high-flexion arteries.
Introduction
The femoropopliteal arterial segment is a particularly challenging location for implantation of a permanent endoprosthesis due to extensive plaque burden and the extreme mechanical forces sustained during the activities of daily living. Newer nitinol stents with enhanced flexibility have been developed for femoropopliteal use and offer the promise of a reduced rate of stent fracture and improved longterm patency.
1,2 Recent trials with these newer generation stents have demonstrated superior outcomes compared to percutaneous transluminal angioplasty in femoropopliteal lesions, with excellent freedom from target lesion revascularization (TLR) up to 3 years. [3] [4] [5] [6] Sustained benefit of a paclitaxel-eluting nitinol stent has been demonstrated to 5 years. 7 Most of these clinical trials have excluded lesions >15 cm in length. Analyses have suggested a linear relationship between lesion length and risk of restenosis, and the safety and effectiveness of stenting for long femoropopliteal lesions is uncertain. 8, 9 The TIGRIS Vascular Stent (W.L. Gore & Associates, Flagstaff, AZ, USA) is a new-generation nitinol stent with enhanced flexibility and thromboresistance, which may make this stent design attractive for femoropopliteal use in terms of fewer stent fractures and improved long-term outcomes. To test this potential, an international, multicenter, randomized controlled trial (RCT) was initiated to compare the TIGRIS Vascular Stent to the LifeStent (Bard Peripheral Vascular, Tempe, AZ, USA), a second-generation nitinol stent, for the treatment of atherosclerotic lesions in the superficial femoral artery (SFA) and proximal popliteal artery (PPA) in patients with symptomatic peripheral artery disease (PAD).
Methods

Study Design
This safety and efficacy trial was conducted under a Food and Drug Administration (FDA)-approved clinical protocol in support of an investigational device exemption (IDE). The objective was to test the hypothesis that the 30-day safety and 12-month primary patency of the TIGRIS Vascular Stent were statistically noninferior to the control device (LifeStent) when used to treat de novo or restenotic PAD lesions ≤24 cm long in the SFA/PPA. The multicenter RCT was designed to randomly assign eligible patients in a 3:1 ratio to treatment with either the TIGRIS or LifeStent at 33 sites in the United States and 3 sites in Europe. Randomization, which was not complete until the intraprocedural angiographic criteria had been met, was stratified by site and lesion length (≤16 or >16 cm) in blocks to assure that the proper ratio of subjects was assigned to each treatment group. The institutional review board or ethics committee at each study site approved the protocol.
The study was conducted in accordance with International Conference on Harmonization Guidelines on Good Clinical Practice and applicable regulatory requirements in the United States and Europe. An independent data and safety monitoring board (DSMB) was established to review data, including all adverse events and protocol deviations, on an approximately quarterly basis.
All imaging data collected during the study were analyzed by independent angiographic (Yale University Angiographic Laboratory, New Haven, CT, USA) and ultrasound/radiography (VasCore, Boston, MA, USA) core laboratories.
Study Devices
The TIGRIS Vascular Stent is a flexible, self-expanding, wire-wound nitinol frame covered with a lattice of fluorinated ethylene propylene/expanded polytetrafluoroethylene extending along its entire length (Figure 1 ). Gore's thromboresistant CBAS Heparin Surface, a stable, reduced molecular weight heparin of porcine origin, is covalently bonded to the stent surface. A triaxial delivery catheter allows accurate stent deployment. The TIGRIS Vascular Stents used in this study were 5, 6, and 7 mm in diameter and 3, 4, 6, 8, and 10 cm in length.
The control device (LifeStent) is an FDA-approved selfexpanding bare nitinol stent intended to improve luminal diameter in the treatment of symptomatic de novo or restenotic lesions up to 24 cm in length in the native SFA/PPA, with reference vessel diameters ranging from 4.0 to 6.5 mm. Sizes of control devices implanted in the study were 6 and 7 mm in diameter and 2, 3, 4, 6, 8, 10, 12, 15, and 17 cm in length.
Inclusion/Exclusion Criteria
Patients were eligible for inclusion if they had symptomatic PAD classified as Rutherford category 2 to 4 ischemia, an abnormal ankle-brachial index (ABI) ≤0.9 or toe-brachial index (TBI) ≤0.7, and intraprocedural angiographic evidence of a single de novo or restenotic lesion in the SFA/ PPA with a cumulative length visually estimated to be ≤24 cm, with ≥1 region of focal luminal narrowing ≥50% and at least 1 patent tibial artery. The angiographic inclusion criteria had to be met before randomization was completed.
Patients were ineligible for the study if they had vascular access/catheterization in the target leg within 30 days of study enrollment, prior treatment (stenting or bypass) of the SFA/PPA in the target leg, flow-limiting aortoiliac disease (uncorrected), or additional ipsilateral femoropopliteal disease outside of the lesion to be stented.
Procedure and Follow-up Evaluation
After all angiographic inclusion criteria had been met and randomization was complete, the investigator proceeded with stent implantation in accordance with the assigned treatment arm. The study protocol dictated that lesions should be fully stented (no spot stenting allowed), with stent coverage extending 1 cm into healthy tissue on either end of the lesion. Images of the stent and stent delivery system were obtained before and after stent deployment and used to quantify any stent elongation that occurred during the deployment process.
Follow-up visits were scheduled for 1, 6, 12, 24, and 36 months postprocedure. Each visit included a physical examination, assessment of the Rutherford category, ABI or TBI measurement (whichever was collected at baseline), duplex ultrasound, and quality of life (QoL) assessment with the EQ-5D (EuroQol health status measurement tool in 5 dimensions; EuroQol, Rotterdam, the Netherlands; available at http://www.euroqol.org/eq-5d-products/eq-5d-3l. html) for overall QoL and the Peripheral Artery Questionnaire (PAQ) for PAD-specific QoL. 10 Radiography of the treated region was also obtained at 12, 24, and 36 months. Ultrasound images were examined by the core laboratory to determine patency within the stented region; radiographs (straight and bent knee) were analyzed to identify stent fractures, which were classified according the schema of Jaff et al. 11 Angiographic images were analyzed by the angiographic core laboratory for relevant pre-and postprocedure characteristics of the target lesion and vessel.
Patient Enrollment
Between May 2012 and June 2014, 274 patients were randomized to treatment with the TIGRIS stent (n=197; mean age 66.7±9.28 years, 141 men) or LifeStent (n=70; mean age 67.9±8.87 years, 49 men), forming the intent-to-treat (ITT) population. The baseline demographics and risk factors are presented in Table 1 . Both groups had >85% current or former smokers and other comorbidities typical of a PAD population. There were more non-whites in the study group.
The baseline lesion characteristics are summarized in Table 2 . The mean lesion lengths were 107.6±68.6 mm for the TIGRIS group and 117.9±75.4 mm for the controls. For both groups, 44% of lesions were located in the distal SFA or proximal PPA. Both groups also had ~40% occlusions and 50% moderately or severely calcified lesions.
Endpoints and Outcomes
The primary safety endpoint was the 30-day major adverse events (MAE), which included death, target vessel revascularization (TVR), and amputation above the metatarsals in the treated limb. The primary efficacy outcome was primary patency at 12 months after implantation, defined as uninterrupted patency without TLR or restenosis as documented by a peak systolic velocity ratio ≤2.5 on duplex imaging. Secondary outcomes included device success (successful delivery of the stent to the intended site and successful deployment), procedure success (device implantation with residual stenosis <30% and no serious adverse events), freedom from TVR, freedom from TLR (treatment for restenosis or occlusion by any means), Rutherford category improvement over the baseline value, ABI/TBI improvement, QoL changes reflected in the EQ-5D and PAQ, primary patency at 1 and 6 months after implantation, assisted primary patency (uninterrupted patency regardless of reinterventions performed), secondary patency (patency restored by endovascular means after occlusion), and freedom from stent fracture as adjudicated by an independent core laboratory.
Statistical Analysis
Continuous data were compared using the Student t test and are presented as the means ± standard deviation. Categorical data were compared using the Fisher exact test and are given as the counts (percentage). Time-to-event analysis of patency and freedom from TLR was performed using the Kaplan-Meier method; the groups were compared using the log-rank text. Cox regression analyses were used to investigate the impact of lesion length or number of stents on primary patency. The results are presented as the odds ratio (OR) with 95% confidence interval (CI) and the Wald chisquare p-value. The threshold of statistical significance was p<0.05. Statistical analyses were performed using SAS software (version 9.3; SAS Institute, Inc, Cary, NC, USA).
Results
While the DSMB made no recommendation to modify or discontinue the study, it did identify 7 subjects as protocol deviations that could affect the evaluation of primary endpoints, leaving 267 patients in the per-protocol group. Results presented below reflect analysis of the per-protocol population; however, the data analyses for the per-protocol and as-treated patient cohorts demonstrated similar results.
The procedure was successful in 196 (99.5%) of the 197 TIGRIS subjects and 68 (97.1%) of the 70 control subjects. One TIGRIS device could not be deployed within the target lesion; the subject was successfully treated using balloon angioplasty alone. In the control group, there was >30% residual stenosis after the index procedure in 1 subject and the other experienced a myocardial infarction immediately following the procedure. Neither the TIGRIS nor LifeStent demonstrated significant elongation during deployment (0.03%±0.52% vs 0.12%±0.36%, p=0.36). The only statistically significant difference between the test and control devices was the number of stents needed to cover the lesion (Table 2) . Of the 196 lesions stented in the study group, 40 (20.4%) required 3 or 4 stents compared with only 4 (5.7%) of 70 control lesions requiring 3 stents (p=0.033). This difference was due to the availability of longer control devices (up to 17 cm) compared with study devices (up to 10 cm). The safety of the TIGRIS Vascular Stent was found to be statistically noninferior (p>0.99) to that of the control device at 30 days after implant. There was a single MAE in the study group that required a TVR on the day of the index procedure to treat a procedural complication outside the margins of the deployed TIGRIS stent.
By the 12-month follow-up window 25 patients were no longer in the study: 11 (6 TIGRIS) withdrew consent, 1 (TIGRIS) was removed by the investigator, 6 (all TIGRIS) were lost to follow-up, 3 (2 TIGRIS, 1 LifeStent) had surgical bypass procedures, and 4 (4 TIGRIS) died. No deaths were determined to have a relationship to the study device or procedure.
Kaplan-Meier survival curves identified no difference in primary patency (Figure 2A ) between the TIGRIS and LifeStent groups at 12 months (60.6% vs 63.2%, p=0.73) or 24 months (56.3% vs 50.2%, p=0.60), nor was there any difference in freedom from TLR ( Figure 2B ), assisted primary patency, or secondary patency at 1 or 2 years (Table 3) .
There was a downward trend in TIGRIS primary patency associated with an increasing number of stents implanted (Table 4) . Separate Cox regression analyses of the TIGRIS arm showed a statistically significant impact of lesion length (OR 1.004, 95% CI 1.001 to 1.008, p=0.012) and number of stents (p=0.008) on primary patency. Similarly, the control device had lower primary patency when the lesion required 2 stents compared with when 1 stent was required (all but 4 lesions were treated with 1 or 2 devices). Cox regression analyses of the LifeStent arm of the study showed statistically significant impact of lesion length only (OR 1.005, 95% CI 1.000 to 1.010, p=0.045). QoL measures including EQ-5D, PAQ, and changes in the Rutherford category and ABI/TBI all demonstrated improvement over baseline for subjects in both the study and control arms of the trial with no statistically significant differences for any indicators. The mean EQ-5D improvement at 6, 12, and 24 months was 0.094, 0.104, and 0.110 for the study device and 0.122, 0.133, and 0.126 for the control device. The PAD-specific PAQ score improvement at 6, 12, and 24 months was 28.23, 29.84, and 31.55 for the study device and 32.81, 32.03, and 34.63 for the control device. As outlined in Table 5 , >85% of patients participating in the study demonstrated sustained Rutherford category improvement at 12 and 24 months postprocedure. Similarly, the mean ABI was improved over baseline (mean 0.66 TIGRIS and 0.65 controls) by at least 0.23 at all time points analyzed.
There were 0 fractures in the study device at 12 and 24 months (Table 6 ). It should be noted that 1 study device was determined to have a grade 1 fracture immediately after implantation; however, no fracture could be seen in subsequent follow-up images of this subject's stent. The control device had a significantly higher fracture rate of 32.7% at 24 months (p<0.001), with the majority of fractures being high grade (class 4 and 5; Figure 3) .
Discussion
In the current study, the TIGRIS stent and LifeStent were similarly effective for the treatment of long lesions in the SFA and PPA. The TIGRIS stent was found to be noninferior to the LifeStent for both the primary safety and efficacy outcome measures. Despite the complex nature of the lesions treated in this study, both stents demonstrated satisfactory primary patency at 12 and 24 months. There was sustained clinical benefit for both treatment groups as demonstrated by a decrease in Rutherford category, improvement in QoL measures, and increase in the ABI/TBI. Both devices were highly resistant to elongation or compression during deployment; however, the TIGRIS stent was found to be fracture resistant, with no stent fractures identified by the core laboratory on straight and bent knee radiographs out to 24 months. Surprisingly, there was a high rate of stent fracture in the LifeStent group, with a significant percentage of highgrade fractures. Continuous data are presented as the means ± standard deviation; categorical data are given as the counts/sample (percentage). Piorkowski and colleagues 12 published a single-center experience with the TIGRIS stent in 32 consecutive patients with 40 femoropopliteal lesions. The mean lesion length was 62.3 mm and 5% were chronic total occlusions. They reported a favorable 85.5% 1-year primary patency following treatment of these relatively straightforward lesions. Parthipun and colleagues 13 subsequently reported outcomes following use of the TIGRIS stent for a more complex lesion and patient cohort. They treated 48 patients of which two-thirds had critical limb ischemia and 74% presented with chronic total occlusion (CTO). The mean lesion length was 114.2 mm. Following successful treatment with the TIGRIS stent, primary patency was 70% at 1 year and freedom from TLR was 86%.
The current study is unique among contemporary femoropopliteal stent IDE trials with regards to its randomized trial design. The comparator stent was FDA approved and considered a gold standard at the time the study was designed. 4, 5 The study design is also unique with regards to the length of the lesions included in the trial. Most of the previous FDA-approved femoropopliteal stent protocols in support of an IDE were restricted to lesions up to 150 mm in length. 4, 7, [14] [15] [16] [17] The TIGRIS inclusion criteria reflected a more "real world" patient population with lesion lengths up to 240 mm. The mean lesion lengths for the TIGRIS stent (107.6 mm) and LifeStent (117.9 mm) in the current trial are considerably longer than those treated in recent femoropopliteal stent trials: ZILVER PTX (54.6 mm) 7 , DURABILITY II (89.1 mm), 14 RESILIENT (70.5 mm), 4 COMPLETE SE (60.7 mm), 17 STROLL (77.3 mm), 18 and SUPERB (78.1 mm). 15 In addition, the TIGRIS study population had a high incidence (42%) of CTO, which is independently associated with a higher rate of in-stent restenosis. 19 Little data are available regarding the outcomes of stenting of longer femoropopliteal lesions. The DURABILITY-200 study included 100 patients with long lesions (average lesion length of 242 mm) who were treated with at least one 200-mm-long Everflex stent. 20 The primary patency rate at 12 months was 64.8%, with a TLR rate of 32%. The STELLA study of TransAtlantic Inter-Society Consensus (TASC) C and D lesions also reported a primary patency rate of 66% among patients with a median lesion length of 220 mm. 9 In a single center retrospective study, 115 patients underwent stenting of long (>150 mm) lesions (mean lesion length 254±58 mm). One-year primary patency was 49% following implantation of a variety of commercially available nitinol stents. 21 Stent fracture following endovascular treatment of SFA lesions is a concern, in view of the association between fractures and restenosis in some trials. 22, 23 High rates of stent fracture were observed in early SFA stent trials, including 20% in SIROCCO I trial 24 and 12% in FAST. 25 It has been speculated that longer lesions are more prone to stent fracture, possibly because of the use of multiple overlapping stents. Scheinert et al 23 reported a 37% stent fracture rate in a registry of patients with longer SFA lesions treated with a variety of nitinol stents; the fracture rate increased with the length of the stented segment and number of stents implanted. Contemporary stent trials, including the FDA-approved IDE trials that included lesions <150 mm in length, have demonstrated low rates of stent fracture at 1 year: RESILIENT (3.1%), 4 ZILVER PTX (1%), 7 DURABILITY II (0.4%), 15 COMPLETE SE (0%), 17 SUPERB (0%), 15 and STROLL (2.0%). 18 The 0% fracture rate noted with the TIGRIS stent in the current study, despite the complexity of the lesions being treated, is a testimony to the flexibility and fracture resistance of this device.
The high 2-year fracture rate (32.7%) associated with the LifeStent is in sharp contrast to the results of the RESILIENT trial. 5 This high fracture rate occurred despite the fact that longer stents (up 17 cm) were available for use in this trial, minimizing the need for multiple stents and reducing the number of overlap zones. Of particular concern, a majority of LifeStent fractures were complex types 4 and 5. While these fractures were not clearly associated with restenosis in the current study, it is important to note that the total number of fractured devices was relatively small, and this study was not designed to evaluate the relationship between stent fracture and patency. Longer term follow-up with both the study and control arms may provide important insights regarding the late impact of types 4 and 5 fractures.
Uncertainties remain about the optimal endovascular treatment strategy for femoropopliteal occlusive disease because there is no "evidence-based" standard of care in this vascular segment. Numerous options are available to the practicing interventionist, including balloon angioplasty, cutting/scoring balloon angioplasty, atherectomy, bare nitinol stents, covered stents, drug-coated balloons (DCB), and drug-eluting stents (DES). Recent randomized trials have demonstrated that both paclitaxel-coated balloons and a paclitaxel-eluting stent are superior to balloon angioplasty for moderate length lesions in the SFA and PPA. 7, [26] [27] [28] The paclitaxel-eluting ZILVER PTX stent performed better than a bare Zilver stent after failed/suboptimal dilation alone. 7 There is also limited data regarding atherectomy and DES for femoropopliteal lesions longer than 150 mm. DCBs and DES have been compared in retrospective studies, with equivalent outcomes in long femoropopliteal lesions, 29 but the ongoing FOREST trial is the first to randomize DCB vs DES. 30 Recent publications of DCB use for long femoropopliteal lesions have shown promising early results 31, 32 ; however, concerns exist about the longer-term results of this approach. Experience from the global registries suggests that when long lesions or CTOs are treated with DCB, the provisional stent rate may be as high as 25%. 32, 33 When provisional stenting is required following DCB for long lesions, use of a flexible, fracture-resistant stent such as TIGRIS would be preferred.
Limitations
One limitation was the lack of availability of longer TIGRIS devices compared to the 17-cm devices that were available in the LifeStent arm of the study, resulting in imbalances with regards to the number of stents implanted. The availability of 150-and 170-mm devices may also have influenced the (statistically insignificant) differences between lesion length and stented length. An additional limitation of the current study was the 3:1 randomization scheme with a relatively small number of patients in the control group, which limited subsequent subgroup analysis. Despite this limitation, there were still a sufficient number of patients in both arms to draw conclusions about the safety and efficacy of the 2 devices.
Conclusion
The TIGRIS RCT has demonstrated that the TIGRIS stent and LifeStent were similarly effective for the treatment of lesions up to 24 cm in length in the SFA and PPA. The high flexibility and zero fracture rate associated with the TIGRIS stent make this stent favorable for use in high-flexion arterial segments.
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